An all-optical plasmonic limiter based on a nonlinear slow light waveguide is proposed and numerically investigated for the first time. The results reveal that the slowdown factor can be tuned by the intensities of incident surface plasmon waves. In addition, the nonlinear slow light waveguide can be operated as a limiter, in which surface plasmon waves with low incident power intensities can transmit through the limiter while those with high power are completely blocked. The proposed structure has many advantages; it supports sub-wavelength broadband slow light guide modes, it is compatible with semiconductor devices and it has an ultra-fast response time at a femtosecond scale, which are promising for all-optical integrated plasmonic devices.
Introduction
The integration of modern electronic devices for information processing and sensing is rapidly approaching its fundamental speed and bandwidth limitations, which has become a serious problem that impedes further advance in many areas of modern science and technology. Replacing the electronic signal by light as the information carrier is believed to be one of the most promising solutions [1] [2] [3] . However, the diffraction limit of light in dielectric media does not allow the localization of electromagnetic waves in nano-scale regions much smaller than the wavelength of light in the medium. In recent years, plasmonic devices, based on propagation of surface plasmon-polaritons (SPPs) at metal-dielectric interfaces, have shown great potential to guide and manipulate light with metallic nano-structures at deep sub-wavelength scales. 5 Author to whom any correspondence should be addressed.
In order to realize ultra-compact plasmonic circuits, many plasmonic components have been proposed, such as waveguides [4] [5] [6] , filters [7, 8] , collimators [9, 10] , polarizers [11] and switches [12, 13] . Compared with electronic circuitry, a plasmonic limiter is also a very important component as it can protect sensors or detectors from optical damage. The basic properties of a limiter demand a high transmittance for a low intensity of ambient light while blocking the transmittance for high beam intensities. In conventional optics, mechanical or electro-optical attenuators can provide protection for optical system, but they have the limitation of slow response of ∼10 µs [14] . Although this might be fast enough to prevent damage to a system when the incident light is continuous, it is too slow for a short-pulsed laser threat. A solution to this problem is to develop passive optical limiters based on a nonlinear optical mechanism which can provide an ultra-fast response at the femtosecond scale [15] . Such mechanisms include nonlinear absorption which is associated with two-photon absorption, reverse-saturable absorption [16] , excited state Figure 1 . Schematic structure of a nonlinear plasmonic slot waveguide composed of two parallel negative-permittivity plates and a Kerr dielectric core. Aluminum-zinc-oxide (AZO) is a wide bandgap, heavily doped semiconductor.
absorption [17] , and nonlinear refraction and which arise from, for example, molecular reorientation [18] , the electronic Kerr effect, and photorefraction [14] . In recent years, optical limiting by suspension of Au nanoparticles with the use of complex plasmonic shapes has been proposed [19] . However, the particle configuration hinders compact integration with other optical components. Chao et al proposed an optical limiter based on coupled nonlinear plasmonic waveguides to operate at an off resonant band [20] .
In this paper, we propose a simple all-optical plasmonic limiter based on a nonlinear slow light waveguide. The properties of the plasmonic slow light waveguide are numerically studied. It is found that this plasmonic slow light waveguide filled with optical nonlinear materials can be treated as a limiter which the surface plasmon (SP) wave can transmit through with low incident power intensities and be completely blocked with high incident power intensities. The finite different time domain (FDTD) method is used in the simulations [21] . The proposed devices have the great advantages of compact size, easy compatibility with semiconductor devices and ultra-fast response time, and have potential applications in ultra-compact integrated plasmonic circuits.
Characteristics of the plasmonic slow light waveguide
The schematic structure of the nonlinear plasmonic slot waveguide is depicted is figure 1. It is composed of two parallel plates of aluminum-zinc-oxide (AZO) and a core comprising a Kerr medium. AZO is a wide bandgap, heavily doped semiconductor with high carrier mobility, providing a negative dielectric constant and qualifying as a low loss plasmonic material at infrared and longer wavelengths [22] . In this frequency regime, the permittivity of AZO can be characterized by the Drude model:
, where ε ∞ = 4 is the infinite frequency dielectric constant, ω p is the plasma frequency, ω is the angular frequency and = 1.4 × 10 13 rad s −1 is the collision frequency, which is related to the dissipation loss in AZO. In the telecom band (around λ = 1550 nm), traditional plasmonic materials (e.g. gold and silver) cannot support slow SPs, because the slow light frequency is located near the surface plasma frequency, defined as
16 rad s −1 [7] ). However, AZO has a much smaller plasma frequency of ω p = 2.98 × 10 15 rad s −1 , such that it can be used as a slow SP material. Thus we use negative-permittivity material AZO as the conductor instead of metal.
The dispersion equation for the symmetric fundamental SP mode in the nonlinear slot waveguide can be written as [24] cosh
where
Here ε dl is the linear part of the nonlinear dielectric permittivity; w is the width of the dielectric core;
are the attenuation factors in the dielectric and negative-permittivity material, respectively; k 0 = 2π/λ 0 is the wavenumber in the free space; β is the propagation constant in the slot waveguide; and the SP wave is assumed to be propagating along the z-direction. The dielectric constant of the Kerr material can be expressed as:
0 , where χ (3) is the third-order nonlinear susceptibility and E 2 0 in the slot is the intensity of the SP wave. In order to realize the tuning function, we choose metal-dielectric composite materials as the Kerr dielectrics in the slot structure for their ultra-fast response time and large third-order optical nonlinear susceptibility, which can be up to 10 −7 esu with short pulse laser duration [25] . In this paper, Au/SiO 2 composite material is used with χ (3) = 1.7 × 10 −7 esu (2.37 × 10 −15 m 2 V −2 ), ε dl = 2.16 [15] . The filled materials can be extended to other nonlinear Kerr materials.
We first study the situation of a weak incident SP wave. It should be noted that when the incident light power is weak (χ (3) E 2 0 k 1 w/2), the nonlinear dispersion equation (1) becomes the same as that in a linear material [26] . In the lossless case ( = 0), the dispersion relation for the plasmonic slot waveguide with a dielectric core width w = 100 nm can be obtained by equation (1) , as shown in figure 2. One can see that the dispersion curve rises as frequency increases, and extends to infinity at a cutoff frequency of the fundamental mode close to 191.3 THz. By the definition of group velocity v g = dω/dβ, it can be inferred that zero group velocity is realizable at 191.3 THz (λ = 1553.6 nm), which implies that the SP wave in the slot waveguide is completely stopped. Figure 3 shows the slowdown factor v g /c of the surface plasmon wave as a function of incident frequency according to the result of figure 2 (c is the speed of light in a vacuum). One can see that a broadband SP wave within a frequency band of 160-191.3 THz can be slowed down significantly in the plasmonic waveguide and the slow-down factor increases with the increase in frequency. For an incident frequency of 191 THz, which is close to the cutoff frequency of the plasmonic waveguide, the slow-down factor is −42 dB.
We now study the tuning mechanism of the structure by incident intensity. According to equation (1), the slow-down factor of SP waves in the plasmonic waveguide filled with a Kerr material as a function of frequency for different incident intensities is as shown in figure 4 . One can see that the slow-down factor curve moves down when the incident intensity increases. The slow-down factor at a frequency of 187.3 THz decreases from −30 to −48 dB when the incident intensity increases from 0.04 to 48.31 MW cm −2 . The inset of figure 4 shows the dispersion curve of the plasmonic waveguide for different incident intensities. As can be seen, the cutoff frequency of the plasmonic waveguide is reduced from the 191.3 to 187.3 THz. Therefore the slow-down factor as well as the cutoff frequency of the plasmonic waveguide filled with a Kerr medium can be tuned by the nonlinearity. Actually, the physical effect of mode cutoff can also be useful for other applications, such as waveguide sensing [27] .
Use the nonlinear slow light waveguide as a plasmonic limiter
In this section we will utilize the tuning properties of incident power on the slow light mechanism in figure 4 to realize the function of an all-optical plasmonic limiter. In the following calculations, the FDTD method is used to investigate the properties of the limiter. The perfectly matched layer (PML) absorbing boundary condition is set at all boundaries of the simulation domain, as shown in figure 1 . Since the width of the plasmonic waveguide is much smaller than the operating wavelength in the structure, only the fundamental waveguide mode is supported. The incident wave for excitation of the SP mode is TM-polarized (the magnetic field is parallel to the y-axis). The width w of the incident waveguide is set to be 100 nm and the distance L is fixed to 500 nm. In order to realize the limiting effect, the incident frequency needs to be close to the cutoff frequency to ensure that the SPP mode is blocked when the incident power is high. Therefore, the incident frequency of the SP wave is selected as 180.9 THz. By changing the doping level of the AZO material, other frequencies can be used as the operating frequencies [22] . Two power monitors are, respectively, set at positions of Port 1 and Port 2 to detect the power of the incident and the transmission fields. Figure 5 shows the transmission power ratio of the nonlinear plasmonic limiter as a function of incident intensity for a frequency of 180.9 THz. Here we define the power ratio of two ports as 10 log 10 (P port2 /P port1 ).
One can see that the power ratio of the plasmonic limiter maintains high values when the incident intensity is small. For incident intensities of 0.22 MW cm −2 , the power ratio is −4.01 dB. Here the insertion loss of the plasmonic limiter is mainly caused by the interband electronic transitions of the AZO material. When the incident intensity reaches a higher value of 86.95 MW cm −2 , the power ratio is sharply decreased to −22.76 dB. It should be noted that the absorption loss (1.4 × 10 13 rad s −1 ) is considered in the FDTD simulations of figure 5. To clearly observe the limiting effect, the simulated magnetic field profiles of the plasmonic limiter at low and high levels of incident intensity are shown in figure 6 . One can see that the SP waves can transmit through the limiter at a low incident power intensity of 0.22 MW cm −2 ( figure 6(a) ) and are completely blocked at a higher incident power intensity of 86.95 MW cm −2 -a good performance for an all-optical plasmonic limiter. The Kerr nonlinear material chosen in the plasmonic waveguide is metal-dielectric composite material which has a large third-order nonlinear susceptibility and an ultra-fast response time of 200 fs [15] . Thus, a femtosecond level response time of the plasmonic limiter can be achieved, which is much faster than that of mechanical and electro-optical limiters.
Finally, in the fabrication, co-sputtering of Au and SiO 2 in a multitarget magnetron sputtering system is used to deposit Au/SiO 2 composite material with a large third-order optical nonlinear susceptibility and sputtering or laser ablation is used to produce high quality films of AZO [15, 22] . In principle, the proposed structure can work for an SP wave below the cutoff frequency, which is mainly sensitive to the constituent materials but not the slot width, so the structure has a good tolerance.
Conclusion
In this paper, we have numerically investigated an all-optical plasmonic limiter based on a slow light waveguide filled with optical nonlinear Kerr materials. With the active tuning of Kerr materials by the incident intensities of the SP waves, the plasmonic slow light waveguide realizes the limiter functions such that SP can be transmitted through the limiter at low incident power intensities and be completely blocked at high incident power intensities. The structures are of sub-wavelength size in the nano-scale, have an ultra-fast response time, and are easily compatible with semiconductor devices. Our structures may open the possibility for future applications in nano-plasmonic all-optical integrated circuits.
